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ABSTRACT 

Studies  have  been  made  for  the  reactions  involved  with  mo’ykdenum, 
tungsten,  vanadium  and  chromium  additives  in  hydrogen-oxygen  flames 
seeded  with  potassium.  The  flame  was  atmospheric  and  a  molecular  beam 
of  the  "frozen"  species  was  introduced  into  the  mass  spectrometer  through 
a  four-stage  differential  pumping  system  operating  from  1  to  10  ^  atm. 


Part  I  presents  thermodynamic  data  for  molybdenum  and  tungsten 
compounds  obtained  by  a  study  of  the  reactions 

K(g)  +  H2MoG4(g)  =  KHMo04(g)  +  H(g) 

2K(g)  +  H2Mo04(g)  =  K2Mo04(g)  +  2H(g) 

K(g)  +  H2W04(g)  +  KHW04(g)  +  H(g) 

and  2K(g)  +  H2W04(g)  =  X2W04(g)  +  2H(g) 

Heats  of  formation,  ^Hf2ggK,  obtained  for  the  species  KHMoC>4(g), 
K2Mo04(g),  KHW04(g)  and  K2WC>4(g)  were  -213.0  +  5,  -272.5  +  5, 
-257.4  +  4  and  -278.2  +  5  kcal/mole,  respectively. 


Part  II  presents  results  obtained  by  a  study  of  the  reactions 
K(g)  +  H2VO.,(g)  +  KHVC3(g)  +  H(g) 

2K(g)  +  H2V03(g)  =  l  2VC>5(g)  +  2H(g) 

K(g)  +  H2Cr04fg)  =  KHCr04(g)  +  H(g) 

and  2K(g)  -5-  H2Cr04(g)  =  K2Cr04(g)  +  2fl(g) . 

Heats  of  formation,  AHj.200^,  obtained  for  the  K  substituted  compounds 
were  -173.2  +  5,  -203.8  +  5,  -216.9  +  5  and  -249.0  +  5  kcal/mole 
for  KHVO.,(g) ,  K?V03(a)  KHCr04(g),  and  K2Cr04(g) ,  respectively. 


PART  I 

REACTIONS  INVOLVING  TUNGSTEN  AND  MOLYBDENUM  WITH 
POTASSIUM-SEEDED  H2/02  FLAMES 

INTRODUCTION 

High  temperature  flames  have  been  employed  successfully 

to  establish  chemical  reaction  mechanisms  and  to  obtain  equilibrium 
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data .  *  Previous  work  '  on  the  effects  of  molybdenum  and 

tungsten  compounds  in  H2/02/N2  flames  containing  alkali  metals 
resulted  in  thermochemical  data  for  the  negative  ions  WO^  ,  HWO^  , 
MoO^  and  the  compounds  KHWO^,  and  KHMoO^.  In  these  experi¬ 
ments  concentrations  of  free  potassium  atoms  were  measured 
spectroscopically  by  absorption;  free  electron  concentrations  were 
measured  by  the  microwave  cavity  resonance  method;  positive  ion 
concentrations  were  determined  with  an  electrostatic  probe;  and 
negative  ions  were  identified  with  the  mass  spectrometer.  No 
thermochemical  data  concerning  gaseous  K2WC>4  and  K^MoO^  has 
been  publsihed. 

Results  of  a  mass  spectrometric  study  of  the  formation  of 
stable  compounds  by  addition  of  tungsten  or  molybdenum  to  H2/02 
flames  containing  potassium  are  reported  here. 

EXPERIMENTAL  APPARATUS  AND  PROCEDURES 

To  accomplish  the  operation  of  a  flame  at  a  pressure  of  one 
atmosphere  and  at  the  same  time  obtain  the  mass  spectra  of  the 
combustion  "frozen"  species  produced  in  the  atmospheric  flame  required 
the  construction  and  assembly  of  a  four-stage  differentially  pumped 
vacuum  system.  This  system  provided  a  pressure  variation  from  one 
atmosphere  in  the  flame  to  10  11  atmospheres  at  the  mass  spectrometer. 
The  four-stage  differential  vacuum  system  is  shown  schematically 
in  Fig.  1.  A  brief  technical  description  of  the  apparatus  is  presented 
h^low. 

Burner  and  First  Stace.  A  unique  feature  of  the  system  was  the 
placement  of  the  sampling  orifice  to  the  mass  spectrometer  inlet 
(within  3") .  The  burner  was  designed  as  an  integral  part  of  the  system 
surrounded  by  two  stages  of  pumping.  In  order  to  facilitate  dismantling. 


Fig.  1.  Four-Stage  Differentially  Pumped  Vacuum  System 
.010”  1/8”  including  Detail  of  Burner  and  Orifice  Assembly 
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modification  and  realignment  of  the  burner  and  first  two  orifices 
(sampling  orifice  and  molecular  beam  skimmer)  the  burner  and  orifice 
assembly  was  constructed  as  a  demountable  portable  unit  to  be 
attached  to  the  high  vacuum  pumping  stages  (which  are  large  fixed 
facilities) .  The  first  stage  was  connected  to  a  low  capacity  vacuum 
pump  to  achieve  pressures  below  atmospheric.  The  first  stags  vacuum 
system  was  fabricated  from  3"  glass  pipe  and  was  mounted  inside 
a  6"  i.d.  glass  oipe  T-section  which  was  connected  to  the  second 
stage  of  pumping.  The  flame  was  ignited  by  an  electric  spark  and 
appropriate  electrical  leads  and  connections  were  provided.  The 
burner  was  surrounded  (except  for  a  sight  hole)  by  a  copper  tube  to 
prevent  localized  overhe.  .ting  of  the  glass  pipe  by  the  flame.  The 
12"  vacuum  chamber  (third  stage)  had  a  port  through  which  the  flame 
could  be  observed. 

An  H2/02  burner  was  designed  consisting  of  an  outer  alumina 
tube  3/8"  o.d.  by  1/4“  i.d.  and  an  inner  stainless  steel  tube  1/16" 
i.d.  through  which  H2  and  02  were  passed.  The  refractory  tube  was 
electrically  heated  by  means  of  a  nichiome  heater  and  acted  as  a 
reservoir  for  the  potassium .  Potassium  vapor  was  introduced  into  the 
flame  by  vaporizing  potassium  iodide . 

Ceramic  orifices,  such  as  alumina,  were  employed  to  prevent 
the  plugging  of  the  orifice  with  the  metallic  oxides  produced  in  the 
flame .  These  orifices  were  heated  directly  with  the  flame  to  tempera¬ 
tures  above  the  condensation  temperature  of  the  oxides ,  thus  allowing 
the  metallic  oxides  to  escape  through  the  orifice  in  the  gaseous 
phase.  The  orifice  was  fitted  between  two  copper  plates,  and  water 
cooled. 

Molybdenum  or  tungsten  was  introduced  into  the  atmospheric 
H0/O0  flame  in  the  form  of  the  gaseous  fluorides,  MoFg  or  WFg, 
which  were  pre-mixed  with  the  02 . 

Second  Stage  and  Molecular  Beam  Skimmer.  The  second  stage 
of  pumping  consisted  of  a  mechanical  pump  combined  with  a  6" 
diffusion  pump.  The  second  stage  pumping  station  was  connected  to 


the  12”  vacuum  chamber  (third  stage)  through  6”  i.d.  glass  pipe,  which  i 

•  •  *  V 

was  connected  to  the  6"  T-section  mentioned  above.; 

Inside  the  12“  vacuum  chamber' the  molecular  beam  skimmer 

was  attached  to  the  cover  plate  closing  the  end  of  the  6"  glass  pipe. 

The  skimmer  was  a  conical  probe  located  within  one  mean-free-.path  \ 

of  the  sampling  orifice  (mean-free-path  of  Ng  at  10  ^  mm  is  0.5  cm)  j 

for  the  purpose  of  conducting  a  portion  of  the  first  expansion  jet.  into  1  j 

a  second  cnamber  at  a  pressure  less  than  10  ®  mm.  The  second  ,  j 

orifice  was  sufficiently  large  to  swallow  any  shock  wave  which  could  j 

otherwise  be  formed  at  the  cone  tip.  The  skimmer  was  designed  to  ] 

form  a  molecular  beam  representative  of  the  flame  gases  with  a  i 

minimum  of  influence  from  collisions  with  surfaces .  The  skimmer  j 

had  an  exit  diameter  of  1.0V .  In  addition,  the  tip  of  the  skimmer  1 

cone  was  made  of  .001”  brass  foil  .presenting  a  very  sharp  edge  to  I 

the  supersonic  gas  flow.  I 

Third  Stage.  The  third  stage  was  a  12”  i.d.  by  15”  long  j 

stainless  steel  vacuum  chamber  connected  to  a  mechanical  pump  ! 

combined  with  a  4"  diffusion  pump.  Inside  the  vacuum  chamber  were  >  j 

the  aperture  pl3te  and  the  mechanical  chopper.  .  J 

.  ( 

Fourth  Stage .  The  fourth  stage  (also  of  stainless  steel)  was  i 

attached  to  the  rear  of  the  12"  vacuum  chamber  and  was  an  integral  ■ 

part  of  that  system.  It  was  evacuated  by  a  mechanical  pump  and  a  j 

diffusion  pump,  nominally  of  4"  inlet  diameter.  '  ; 

The  third  and  fourth  stages  were  interconnected,  through  a  3/8" 

diameter  hole.  The  mass  spectrometer  was  of  the  quadrupole  type, 

with  its  inlet  aperture  in  a  line-of-sight  position  with  the  other 

apertures.  The  mass  spectrometer  and  beam  chopper  employed  for 

g 

these  studies  have  been  described  previously. 

The  ion  species  were  identified  by  their  masses,-  isotonic 
distributions  and  appearance  potentials .  The  ionizing  electron  energy 
of  30  eV  was  used  during  the  equilibrium  measurements .  The  compounds 
studied  were  parent  ions,  and  were  not  formed  as  a  result  of  fragmentation.  ■ 

The  temperature  of  the  flame  was  determined  from  a  mass 
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spectrometric  analysis  of  the  flame  constituents  and  a  calculation 
of  the  adiabatic  temperature  from  the  equilibrium  species .  In  order 
to  obtain  a  smoothly  operating  flame  at  a  temperature  high  enough 
to  prevent  condensation  of  the  metal  oxides ,  an  oxygen-rich 
mixture  ratio  was  employed  (C^/E^  ^  3/2) .  This  mixture  ratio  was 
employed  for  all  experiments .  The  -temperature  of  the  flame  was 
calculated  to  be  2300  +  100°K. 

I  "  t 

i  *  ■ 

‘  RESULTS  AND  DISCUSSION 

Molybdenum  Additives  Potassium-Seeded  Hvdroqen- 
Qxygen  Flames .  Employing  the  procedures  discussed  previously, 
molybdenum  in  the  form  of  the  hexafluoride  MoFg(g)  was  introduced 
in  concentrations  of  1  to  2%  and  mixed  with  the  oxygen.  The  initial 
i  studies  involved  the  reactions  of  the  MoFg  in  the  hydrogen-oxygen 
flame  in  the  absence  of  the  alkali  metal. 

The  formation  of  HF  was  stoichiometric,  and  the  concentration 
of  the  molybdenum  oxides  and  molybdic  acid  agreed  with  the 
theoretical  equilibrium  values .  Tho  relative  abundance  of  these 
species  present  in  the  hydrogen-ox/gen  flame  at  an  average  temperature 
of  2300°K|Can  be  seen  from  the  mass  spectrometer  intensities  (Fig.  2) . 
The  formation  of  molybdic  acid  is  established  from  the  equilibrium . 


MoOg(g)  +  H20(g)  =  H2Mo04(g)  (1) 

l  : 

From  the  relative  intensities  a  value  of  -3.0  kcal  is  obtained  for  the 

>  free  energy  at  an  average  flame  temperature  of  2300  +  100°K.  Employing 

7  " 

this  free  energy  and  JANAF  thermochemical  data  a  value  of  -200  +  5 
kcal/mole  is  obtained  for  for  H2Mo04(g) .  This  is  in 

excellent  agreement  with  the  experimental  thermodynamic  data®  base*4 
on  transpiration  experiments  for  K2Mc04(g) ,  yielding  a  value  of 
-20(2.6+  0.3  Kcal/mole  for  ^**f298K’  'This  excellent  agreement 
between  the  thermodynamic  data  obtained  from  atmospheric  flame 
studies  and  those  obtained  from  thermochemical  experimentation 
indicates  that  high  temperature  flames  may  be  used  successfully 
to  establish  chemical  reaction  mechanisms  and  to  obtain  equilibrium  data . 

»  i 
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Fia«  2.  Mass  Spectrometer  Intensities  of  the  Principal  Molybdenum 
Species  Present  in  an  Atmospheric  H2/0 2  Flame  at  an 
Average  Temperature  of  2300°K  (molybdenum  introduced  as  MoF 


Upon  completion  of  the  studies  involving  the  distribution  of 
the  molybdenum  in  the  hydrogen-oxygen  flame,  experiments  were 
performed  to  study  the  reactions  occurring  in  the  flame  containing 
potassium.  Potassium  of  concentrations  between  0.1  to  0.5%  was 
introduced  into  the  hydrogen-oxygen  flame  through  the  vaporization 
of  KI.  The  mass  spectrometric  studies  showed  two  new  compounds, 
KHMoO^  and  K^MoO^,  in  addition  to  the  molybdenum  compounds 
previously  observed.  The  relative  concentrations  of  these  new  species 
are  shown  in  Fig.  3.  From  this  figure  it  can  be  seen  that  the  intensity 
of  KHMoO^  is  nearly  five  times  greater  than  that  of  H2MoC>4,  and  that 
the  intensity  of  K2MoC>4  is  nearly  equal  to  that  of  K^MoO^. 

The  reactions  involved  included 

K(g)  +  H2Mo04(g)  =  KHMoC>4(g)  +  H(g)  (2) 

2K(g)  +  H2Mo04(g)  =  K2Mo04(g)  +  2H(g) .  (3) 

Equilibrium  intensities  at  an  average  flame  temperature  of 
2300°K  yielded  a  Ag  o'  -7.2  kcal/mole  for  reaction  (2) ,  and  a  Ag 
of  1 . 5  kcal/mole  for  reaction  (3) .  Since  thermal  data  are  not  available 
for  the  species  KHMo04(g)  and  K2Mo04(g) ,  free  energy  functions  for 
these  two  compounds  were  calculated  by  statistical  mechanical 
methods .  Estimated  frequencies ,  bond  angles ,  bond  distances  and 
quantum  weights  are  presented  in  Tables  I  and  II.  The  values  thus 
obtained  at  2300°K  for  the  free  energy  functions  for  KHMo04(g)  and 
K2Mo04(g)  are  126.4  and  135.3  cal/deg/mole,  respectively. 

The  third  law  heat  of  reaction  was  calculated  to  be  A  H^ggj^  = 
-8.7  +  5.0  kcal  for  reaction  (2) ,  in  good  agreement  with  the  value  of 
-11  +  10  kcal  reported  by  Jensen  and  Miller.'*  A  AH^gg^  value  of 
— / . 5  +  5.0  kcal  was  obtained  for  reaction  (3) .  The  stated  uncertainties 
include  errors  involved  in  estimating  the  free  energy  functions . 

Employing  the  calculated  enthalpy  functions ,  together  with  the 
experimental  heats  of  reaction,  values  of  -243.0  +  5  and  -272.5  +  5 


Pig.  3.  Mass  Spectrometer  Intensities  of  Molybdenum  Speclos  Present  in  a 

Potassium-Sooded  Atmospheric  H2/02  Flame  at  an  Average  Temperatme 
of  2300°K  (molybdenum  introduced  as  MoFg(g)  and  potassium 
introduced  as  KI(g) .) 


TABLE  I 

ESTIMATED  VIBRATIONAL  FREQUENCIES  FOR  POTASSIUM-MOLYBDENUM 
AND  POTASSIUM-TUNGSTEN  COMPOUNDS  (cm'1) 


KMoQ4(g)  and  KW04(g) 


K.2Mo04(g)  and  K2W04(g) 


218,  218 
360,  360,  360 
896,  896,  8S6 
944 
250 
400 
100 
1000 
100 
150 


218,  218 
360,  360,  360 
896,  896,  896 
944 
150 
150 
75 
250 
50 
100 


Note  1:  The  first  g  frequencies  for  each  molecule  were 
assumed  to  be  identical  to  the  MoO,-,  or 
W04“  ion/10) 

Note  2:  It  was  assumed  that  these  molecules  have  the  K 
or  H  atoms  bound  with  two  of  the  four  terminal 
oxygen  atoms,  which  are  arranged  tetrahedrally 
ar  *und  the  Mo  orW  atom,  as  in  the  crystalline 
Li2W04.(11) 
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TABLE  II 

ESTIMATED  BOND  DISTANCES,  ANGLES  AND  QUANTUM  WEIGHTS 
FOR  MOLYBDENUM  SPECIES 


r  (Mo-O) 

1.80  A 

r  (O-H) 

o 

0.97  A 

r  (O-K) 

o 

2.50  A 

/lOMoO 

109.5° 

Z-OMoH  and  OMoK  = 

105.0° 

Ground  state  quantum  weight  =  1 


TABLE  ID 

ESTIMATED  BOND  DISTANCES,  ANGLES  AND  QUANTUM  WEIGHTS 

FOR  TUNGSTEN  SPECIES 


r  (W-O) 

o 

1.81  A 

r  (O-H) 

0.97  K 

r  (O-K)  = 

o 

2.50  A 

^OWO 

109.5° 

/LOWH  and  OWK 

105.0° 

Ground  state  quantum  weight  =  1 
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kcal/mole  were  obtained  for  AH^ggjr  of  KHMoO^(g)  and  K2Mo04(g) , 
respectively. 

Tungsten  Additives  in  Potassium-Seeded  Hydrogen-Oxygen 
Flames .  The  experimental  procedure  involving  tungsten  additives 
was  similar  to  that  employed  for  the  molybdenum  studies .  Tungsten 
in  the  form  of  WFg(g)  was  initially  introduced  into  a  hydrogen-oxygei. 
flame  in  the  absence  of  the  alkali  metal .  The  relative  intensities  of 
tungsten  oxides  and  tungstic  acid  are  shown  in  Fig.  4.  As  in  the  case 
of  molybdenum,  the  formation  of  HF  was  stoichiometric.  The  heat 
of  formation  of  tungstic  acid  was  obtained  from  a  study  of  the  reaction 

W03(g)  +  H20(g)  =  H2W04(g).  (4) 

Equilibrium  intensity  data  for  reaction  (4)  at  the  aver? -re  flnt*? 
temperature  of  2300°K  yielded  a  -AG  value  of  -31.0  kcal.  Employ  :.ig 
TANAF  enthalpy  functions ,  together  with  the  experimental  free  enrr  ••/, 
a  value  of  -215  +  5.0  kcal/mole  was  obtained  for  A H{2g8K  for  l-;,>VC>4(g) . 
This  may  be  compared  to  the  experimental  thermodynamic  data”  ba  ed 
on  transpiration  experiments,  yielding  a  value  of  -216.5  kcal/mole 
for  AHf298Jr.  H2W04(g). 

As  in  the  case  of  molybdenum,  the  reactions  involving  tungsten 
with  hydrogen-oxygen  flames  containing  potassium  (concentrations 
of  0.1  to  O.S%)  included  the  formation  of  potassium-tungsten 
compounds,  KHW04  and  K2W04.  The  mass  spectrometer  intensities 
for  these  compounds  are  shown  in  Fig.  S.  As  can  be  seen,  the  K1W04 
concentration  is  approximately  2  1/2  times  that  of  the  concentration 
of  H2W04,  and  approximately  ten  times  greater  than  K2W04* 

The  reactions  involved  included 

K(g)  +  H2W04(g)  =  KHW04(g)  +  H(g)  (5) 

2K(g)  +  H2W04(g)  =  K2W04(g)  +  2H(g) . 


(6) 
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Fig.  4.  Mass  Spectrometer  Intensities  of  the  Principal  Tungsten  Species  Present  in 
an  Atmospheric  H2/02  Flame  at  an  Average  Temperature  of  2300°K 
(tungsten  introduced  as  WFg(g)) 
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Fig.  S.  Relative  Mass  Spectrometer  Intensities  of  Tungsten  Species 

Present  in  a  Potassium-Seeded  Atmospheric  Yi^/O^  Flame  at  an 
Average  Temperature  of  2300°K  (tungsten  introduced  as  WFc(g)  and 

Q 

potassium  introduced  as  Kl(g)) 


The  equilibrium  intensities  for  reaction  (5)  yielded  a  Ag  of  -4.1  kcal 
and,  for  reaction  (6),  a  A G  of  5.0  kcal  at  an  a\erage  temperature  of 
2300°K.  Free  energy  functions  were  calculated  for  the  potassium- 
tungsten  compounds  employing  estimated  frequencies,  bond  distances, 
angles,  and  quantum  weights  and  are  presented  in  Tables  I  and  III. 

The  values  thus  obtained  at  2300°K  for  the  free  energy  functions  of 


KHW04(g)  and  K2W04(g)  are  127.5  and  136.2  cal/deg/mole, 
respectively.  Third  law  heats  of  reaction  yielded  values  of  -10.2  + 


and  -1.1  +  5  kcal  for 


i298K 


for  reaction  (5)  and  reactions  (6) , 


respectively.  The  stated  uncertainties  include  errors  involved  in 

4 

estimating  the  free  energy  functions .  Jensen  and  Miller  obtained 


4 


a  similar  value,  -10  +  10  kcal,  for  reaction  (5) .  Employing  the 


calculated  enthalpy  functions ,  together  with  the  experimental  heats 
of  reaction,  values  of  -257.4  +  4  end  278.2  +  5  kcal/mole  we.3 
obtained  for  A  H^ggjr  of  KHW04(g)  and  K2WQ4(g) ,  respectively. 


14 


REFERENCES 


1.  A.  N.  Hayhurst  andT.  M.  Sugden,  Proc.  Roy.  Soc. 

A293,  66  (1966) . 

2.  T.M  .  Sugden,  Trans.  Faraday  Soc.  52,  1465  (1956). 

3.  D.  E.  Jensen,  Trans.  Faraday  Soc.  j>5,  2123  (1969). 

4.  D.  E.  Jensen  and  W.  J.  Miller,  J.  Chem.  Phys.  53,  3287  (1970). 

5.  D.  E.  Jensen  and  W.  J.  Miller,  13th  Symposium  on  Combustion, 

The  Combustion  Institute  (1970) . 

6.  M.  Farber,  M.  A.  Frisch  and  H.  C.  Ko,  Trans.  Faraday  Soc. 

65,  3202  (1969) . 

7 .  JANAF  Thermochemical  Tables ,  The  Dow  Chemical  Company, 
Midland,  Michigan. 

8.  G.  R.  Belton  and  A.  S.  Jordan,  J.  Phys.  Chem.  69,  2065  (1965). 

9.  G.  R.  Belton  and  R.  L.  McCarron,  J.  Phys.  Chem.  68,  1852  (1964). 

10.  S.  Bauer  and  R.  F.  Porter,  "Molten  Salt  Chemistry,"  Interscience 
Publications ,  New  York  (1964) . 

11.  W.  H.  Zachariasen  and  H.  A.  Plettinger,  Acta.  Cryst.  14,  229 
(1961) . 


^ViT^asags rcrcwx&t 

/*> 

PART  II 

REACTIONS  INVOLVING  VANADIUM  AND  CHROMIUM  WITH 
POTASSIUM-SEEDED  H2/02  FLAMES 

INTRODUCTION 

Vanadium  and  chromium  additives  have  been  introduced  into 
H2-02  flames  at  an  average  flame  temperature  of  22S0°K  and  the  species 
formed  during  the  reaction  have  been  studied  mass  spectrometrically. 
After  the  establishment  of  the  chemical  reactions  involved  between  the 
additives  and  the  flame  small  concentrations  of  K  (1  -  2%)  were  added 
and  the  substitution  reactions  were  investigated . 

EXPERIMENTAL  APPARATUS  AND  PROCEDURES 

To  accomplish  the  operation  of  a  flame  at  a  pressure  of  one  atmos¬ 
phere  and  at  the  same  time  obtain  the  mass  spectra  of  the  combustion 
"frozen"  species  produced  in  the  atmospheric  flame  required  the 
construction  and  assembly  of  a  four-stage  differentially  pumped  vacuum 
system.  This  system  provided  a  pressure  variation  from  one  atmosphere 
in  the  flame  to  10-11  atmospheres  at  the  mass  spectrometer.  Details 
of  the  apparatus  and  technical  procedures  are  described  in  a  previous 
paper.  * 


RESULTS  AND  LJSCUSSION 

Vanadium  Additives  in  Potassium-Seeded  Hydroqen-Oxvcen  Flames 
Vanadium  was  introduced  intc  the  H2~02  flame  in  the  form  of 
VCl^(g) .  A  considerable  portion  of  the  vanadium  was  found  to  form  a 
stable  solid  oxide,  V0O, .  This  was  in  agreement  with  the  effusion  data 

2  4  u  , 

of  Killingbeck,  and  Frantseva  and  Semenov,''  who  found  an  effective 

-17  -14 

vapor  pressure  of  10  *  and  10  ’  atm,  respectively,  at  a  temperature 

of  22S0°K. 

The  vanadium  vapor  species  produced  in  the  flame  include  V(a) . 

V°(g)  an<2  r^VO^tg)  (see  Fig ,  J) .  Equilibrium  values  at  an  average  temperature 
of  2250°K  for  the  reaction 

VO(g)  +  2H20(g)  =  H2V03(g)  +  2H{g)  (1) 

yielded  a  A F  of  65.0  kcal.  The  third  law  heat  of  reaction  was  calculated 
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Equilibrium  Concentrations  of  HgVOg  and  VO  in  an  I^/Og 
Flame  at  an  Approximate  Temperature  of  2250°K 


to  be  AH-oov.  =  52.0  kcal.  Employing  the  calculated  fef  of  100.3 
rzyofv  3  4  5 

cal/deg/mole  together  with  the  published  data,  '  '  and  the  experimental 

heat  of  reaction,  a  value  of  -132.8  +  8  kcal/mole  was  obtained  for 

A  Hf2g8K  of  H2V03 .  The  stated  uncertainties  include  errors  involved 

in  estimating  the  free  energy  functions . 

Small  amounts  of  potassium  (0.5  to  1%)  were  introduced  into  the 


flame  by  vaporizing  potassium  iodide.  The  major  species  formed 
between  the  K  and  vanadium  compounds  was  KIJVO- . 

i  3  i 

It  has  been  determined  that  the  major  reaction  occurring  between- 
the  VCl4(g)  and  the  flame  is  the  formation  of  the  stable  oxide 

V2C>3  (c)  (M.P.  2,T4b<1K) ,  which  is  in  the  condensed  form  at  the  flame 
temperature .  The  vapor  species  produced  in  the  H2~02  flame  include  : 
V(g),  VO(g)  and  HgVO^tg) .  Studies  were  made  to  measure  the  equilibria 
of  the  potassium  atoms  and  ions  in  the  flame  reacting  with  VCl^(g) 
to  form  the  compounds  KHVOg  and  . 

As  can  be  seen  from  Fig.  2,  the  concentration  of  the  variadium 


species  formed  show  that  KHVOg  is  the  m<sjor  species  and  that  the  vanadic 
acid  has  been  depleted  considerably.  A  small  amount  of  K2VC>3  (approxi¬ 
mately  10%  of  the  concentration  of  KHVOj)  is  also  present,  i.e. , 

khvo3  >  h2vo3  >  k2vo3  . 

The  removal  of  potassium  atoms  is  accounted  for  by  the  following 


reactions: 


K(g)  +  H2V03(g)  =  KHV03(g)  +  H(g)  (2) 

and 

2K(g)  +  H2V03(g)  =  K2V03(g)  +  2H(g) .  (3) 

The  relative  ion  intensities  for  the  specie^  present  in  reactions 
(2)  and  (3)  allow  third  law  calculations  for  the  free  energy  of  reaction 
and  heat  of  formation  of  the  vanadium  species . 

Equilibrium  values  for  reaction  (2)  at  an  average  temperature  of 
2250°K  yielded  a  A F  of  -3.1  kcal/mole,  and,  for  reaction  (3),  a  Af 
of  3 . 1  kcal/mole .  In  order  to  calculate  the  heat  of  formation  of  KHV03(g) 


Fici .  2 .  Equilibrium  Concentration  of  KHVOg ,  KgVOg ,  HgVOg  and  VO  in  an 
H2/02  Flame  at  an  Approximate  Temperature  of  2250CK 


and  K2V03(g)  it  was  necessary  to  obtain  the  free  energy  functions  for 
these  two  compounds  by  statistical-mechanical  calculations .  It  was 
assumed  that  these  molecules  have  the  K  or  H  atoms  bound  with  two  of 
the  three  terminal  oxygen  atoms .  The  values  thus  obtained  at  2250°K 
for  the  free  energy  functions  for  KHVO^fg)  and  K2VG3(g)  are  108.3  and 
117.0  cal/deg/mole,  respectively. 

The  third  law  heats  of  reaction  were  calculated  to  be  AH^g^  = 

-9.64  +  5  kcal  for  reaction  (2) ,  and  A  Hr2g3K  =  -8.4  +  5  kcal  for 
reaction  (3) .  The  stated  uncertainties  include  errors  involved  in 
estimating  the  free  energy  functions .  Employing  the  calculated  enthalpy 
•  functions  combined  with  AH£2gg^  HgVOg  =  -132.8  kcal/ mole,  values 
of  -173.2  +  5  and  -203.8  +  5  kcal/mole  were  obtained  for  AH,2ggK  of 
KHVOg(g)  andK2V02(g),  respectively. 

Chromium  Additives  in  Potassium-Seeded  Hydrogen-Oxygen  Flames 

Chromium  additives  were  studied  by  the  introduction  of  small 
amounts  of  chromium  dichlorlde  (1  to  2%)  into  the  H2~02  flame.  The 
CrCl2  was  vaporized  by  means  of  a  nichrome  wire  heater  wrapped  around 
an  alumina  tube  in  which  the  CrCl2  vapor  was  pre-mixed  with  the  02 
prior  to  combustion.  This  resulted  in  various  Cr  species,  including 
H7Cr04,  CrOg,  Cr02  and  CrO.  The  relative  ion  intensities  are  shown 
in  l‘ig.  3  ,  with  values  of  8,  1,  13  and  6  for  the  ionic  species  H2Cr04, 

Cr03,  Cr02  and  CrO,  respectively.  The  ion  intensity  measurements 
allowed  calculation  of  the  equilibrium  at  an  average  flame  temperature 
of  2250°K  for  the  reaction 

CrO(g)  +  3HzO(g)  =  H2Cr04(g)  +  H2(g) .  (4) 

The  free  energy  of  reaction  obtained  from  these  data  was  27.3  +  5  kcal/ 
mole.  In  order  to  obtain  a  heat  of  reaction  it  was  necessary  to  employ  a  value 
for  fef  of  H2Cr04.  This  thermal  function  was  estimated  as  121.0  cal/deg/mole 
from  the  analogous  acids,  H2Mo04,  H2W04  and  H2V03  previously  studied.1 
The  values  for  the  chromium  oxides  were  obtained  from  Grimley,  et  al. 
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and  the  remaining  values  from  the  JANAF  Tables .  ^  The  third  law  heat 
of  reaction  was  calculated  to  be  A  =  -57.0  +  5  kcal.  This 

measured  heat  of  reaction  when  combined  with  the  heat  of  formation  of 
gaseous  CrO  of  53.0  +  7  kcal/mole  leads  to  the  value  of  ^hj298K 
H2Cr04(g)  =  -176.4  +  7  kcal/mole.  The  stated  uncertainties  include 
errors  involved  in  estimating  the  free  energy  functions . 

The  only  other  reported  study  involving  the  possible  formation 

0 

of  H^CrO^g)  was  that  of  Glemser  and  Muller  who  performed  a  transpiration 
study  of  the  reaction 


0rO3(c)  +  H20(g)  =  H2Cr04<g) . 


(5) 


From  the  weight  loss  measurements  they  reported  an  enthalpy  of  23  kcal/mole 

0 

for  reaction  (5) .  Employing  a  value  of  AH^gg^  CrOgfc)  =  -138.4  kcal/mole 


one  obtains  a  Value  of 


AHf2gg£  K2Cr04(g)  =  -174.0  kcal/mole,  which 


is  in  good  agreement  with  the  value  obtained  in  the  present  study. 


The  ion  intensity  data  also  allowed  the  quantitative  determination 
of  thermodynamic  data  for  CrC>2(g)  and  CrO,(g)  species  produced  in  the 
flame .  These  species  are  involved  in  the  equilibrium  reactions 


Cr02(g)  +  2HzO(g)  =  H2Cr04(g)  +  2H(g)  (6) 

and 

Cr03(g)  +  H20(g)  =  H2CrQ4(g) .  (7) 

Equilibrium  values  at  an  average  flame  temperature  of  2250°K  for 
reaction  (6)  yielded  a  A  F  of  51.5  kcal,  and  for  reaction  (7)  yielded  a  Af 
of  -10.5  kcal.  The  third  law  heat  of  reaction  was  calculated  to  beAH^gg^  s 
45.0  kcal  for  reaction  (6)  and  -54.2  kcal  for  reaction  (7) .  Employing  a  value 
of  ^H£298K  =  -176.4  +  7  kcal/mole,  the  values  of  -3.0  +  7 

kcal/mole  and  -64.5  +  7  kcal/mole  were  obtained  for  AH{2ggK  of  Cr02(g) 
and  CrCMg),  respectively.  The  only  previously  reported  thermodynamic 

o  7 

data  for  CrC>2(g)  and  Cr03(g)  was  the  work  of  Grimley,  et  al.  From 
mass  spectrometric  effusion  data  they  reported  heats  of  formation  for 
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0102(9)  and  CiOj(g)  of  -14  +  15  kcal/mole  and  -69  +  20  kcal/mole, 
respectively.  These  high  uncertainties  of  15  to  20  kcal/mole  were 
stated  as  possibly  resulting  from  reduced  activity  in  the  solid  phase  of 


Cr^Og  or  that  the  solid  was  non-homogeneoua .  The  new  value  of  -3.0 
+  7  kcal/mole  for  A  CrC^fg)  obtained  in  the  present  study  indicates 

that  0102(9)  is  less  stable  by  approximately  10  kcal  than  would  be 
indicated  by  Grimley's  value. 


Small  amounts  of  K  (.5  to  1%)  were  introduced  into  the  hydrogen- 


oxygen  flame  through  vaporization  of  KOI.  Experimental  studies  were 
performed  to  establish  the  equilibria  of  the  various  compounds  formed 
in  the  flame.  In  addition  to  the  Or  compounds,  CrO,  CrC^,  C1O3  and 
HjCrO^,  the  stable  potassium  compounds,  KH0rO4  and  K2Cr04  were 
also  seen.  As  can  be  seen  from  Fig.  4  ,  the  KHCr04  concentration  is 
approximately  half  that  of  HgCrO^  and  the  KgCK^  concentration  is  an 
order  of  magnitude  smaller  than  that  of  I^CrO^ 

The  reactions  involving  the  formation  of  these  compounds  can  be 


written  as 


K(g )  +  H2Cr04(g)  =  KHCi04(g)  +  H(g)  (8) 

and 

2K(g )  +  H2Cr04(g)  =  ^CiO^g)  +  2H(g) .  (9) 

Equilibrium  values  for  reaction  (8)  at  an  average  temperature  of  2250°K 
yielded  a  Af  of  3. 1  kcal/mole,  and  for  reaction  (9) ,  a  Af  of  11.1 
kcal/mole.  In  order  to  calculate  the  heats  of  formation  of  KHCr04(g) 
and  ^CrO^g)  it  was  necessary  to  obtain  the  free  energy  functions  for 
these  compounds .  These  thermal  functions  were  estimated  from  the 
analogous  compounds,  KHMo04,  KHW04  and  previously  studied.^ 

The  values  thus  obtained  at  2250°K  for  the  free  energy  functions  for 
KHCr04(g)  and  KjCrO^g)  are  126.2  and  133.1  cal/deg/mole,  respectively. 

The  third  law  heats  of  reaction  were  calculated  to  be  Ah^^..  = 

-9.7  +  5  kcal  for  reaction  (8) ,  and  AH^gg^  =  -10.7  +  5  kcal  for  reaction 
(9}  .  The  stated  uncertainties  include  errors  involved  in  estimating 
the  free  energy  functions .  Employing  the  calculated  enthalpy  functions 
combined  with  Ah^  ^^  HjCiO^g)  =  -176.4  kcal/mole  values  of 
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hV.s^rf; 


or 

-216.9  +  5  and  -249.0  +  5  kcal/mole  were  obtained  for  A H^,  ^ 

KHCi04(g)  and  K^Ci04(g) ,  respectively. 
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